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A N  ANALYSIS OF METHODS OF CALIBRATING 
THE h 3.3 GHz SCWTTEROMETER 
G.  A.  Bradley 
The Center for Research 
University'of Kansas 
ABSTRACT 
An analysis is presented of dynamic calibration methods that can 
be used in the 13.3 GHz scatterometer. Four candidate methods are con- 
sidered with conclusions presented regarding the effectiveness of each 
method. A mathematical model is derived for each design with the signal 
frequency spectrum computed a t  critical points in the receiver. It is 
shown that the present method of calibration is unacceptable because the 
calibration signal amplitude i s  subject to  variation. The error in scatter- 
ing coefficient is shown to  be especially sensitive to  the bias point and 
linearity of the ferrite modulator. It is recommended that an  injection 
system be incorporated in the 13.3 GHz scatterometer which uses  a 
square-wave calibration signal. The analysis shows that this method 
will calibrate the scatterometer t o  the required accuracy with no error 
induced in the data record by the calibration system. 
Introduction 
The 13.3 GHz scatterometer is currently being used in the  Earth 
Resources Aircraft Program t o  measure and catalog the radar scat ter ing coef- 
ficient for various types of terrain. These data will  be used a s  a reference 
for interpreting future remote radar measurements of the  earth; i t  is therefore 
e s sen t i a l  that the data measured in the present program be calibrated t o  a 
known accuracy.  This report d i scusses  the calibration requirements of the 
13.3 GHz scatterometer and offers detailed mathematical analyses  of four 
candidate methods for calibrating the system. 
The radar range equation will  be used a s  a bas i s  for understanding the 
scatterometer measurement a s  well a s  investigating the requirement for cal i-  
brating the  instrument. The power appearing a t  the  input terminals of the 
scatterometer receiver i s  given by the  following expression: 
where: K = lumped scatterometer system constants  
Pt = transmitter output power, in watts  
R = radar range,  in meters 
Q = radar reflection coefficient,  in meter 2 
The scatterometer system i s  designed t o  measure the radar reflection 
coefficient normalized t o  the  area over which the return power is sampled. 
Thus , we define. 
where: A = surface a r e a ,  in meter 2 
L 
Suppose now that we wish t o  calculate the amplitude of the  receive power 
a t  the  output of the scatterometer receiver .  If the receiver has  a total  gain 
G which includes the amplification or attenuation of each  part of the receiver 
cha in ,  the  output of the  scatterometer receiver Pi becomes 
where: K '  = KA 
The measl-]red scat ter ing coefficient B' then becomes 
To achieve an accurate measurement of the  scatterometer coefficient,  i t  is 
obvious from equation (3) that  each term of the expression must be known 
within the accuracy requirement of 6"'. P'  is the  recorded value of the 
r 
receiver output power and the  accuracy of th is  term i s  determined by the  known 
recorder accuracy,  integration t ime,  and signal-to-noise ratio. The accuracy 
of the range term is determined by the  accuracy of the  aircraft altimeter and 
knowledge of the  position over non-level terrain. The accuracy of the  lumped 
constant K'  i s  known to within the accuracy of the  measurement of the  various 
system constants  comprising th is  term. The remaining two terms,  Pt , the trans- 
mitter output power, and G ,  the net receiver gain are the variables in the 
scatterometer which must be monitored by the  calibration system. For example, 
suppose the receiver output signal Pi sudderlly increases . If Pt and G are 
not monitored and are considered constants ,  the only conclusion that can be 
made i s  an  increase in the scattering coefficient $I". However, s ince  P and t 
3 
. 
G are  var iables ,  a variation in ei ther  parameter or in both parameters could ac -  
count for the  increase in P;, Therefore, it is necessary  t o  monitor these  vari- 
ab les  and make appropriate adjustments in the  parameters of equation (3 )  in or- 
der t o  obtain an accurate measurement value for the scatterometer coefficient 8": 
All techniques for calibrating the  scatterometer considered in th is  
paper continuously inject a s ignal  proportional t o  the  transmitter output power 
into the input in the  receiver.  The signal  i s  recorded on the  data tape  recorder 
together with measured data.  Any variation of the  calibration s ignal  amplitude 
must be independent of calibration system variables and must indicate variations 
in the  product PtG of equation ( 3 ) .  
This report presents  a n  analys is  of four designs that  can  be used in 
the  13.3 GHz scatterometer.  The f i rs t  design is that  used in the  present system 
and it is shown in the  analys is  that  the  calibration method has  bas ic  limitations 
in providing the  required accuracy for the  scatterometer measurement. The 
second design is similar in  concept t o  the  present design with the  exception 
that  a semiconductor device (PIN diode) is used in place of the  ferrite modulator 
t o  inject  the calibration signal  into the  receiver.  This design h a s  some advan- 
t a g e  over the  present configuration but s t i l l  has  bas ic  limitations in providing 
the  required measurement accuracy. In the  third and fourth des igns  we pro- 
pose t o  change the  present microwave configuration such that  a transmitter- 
cal ibrated signal is coupled into the  receiver without affecting the  return data 
s ignal .  The third design u s e s  a sinusoidal s ignal  t o  produce the  calibration 
s ignal .  The fourth design u s e s  a square wave signal t o  produce the  calibration 
s ignal .  It is shown in the  analys is  that the fourth design can provide the  
required calibration accuracy a t  the  same time that the  fundamental accuracy 
of the  measured data i s  improved by reducing errors due t o  variations in the  
phase  of the  received s ignal .  
The results  of the  analyses  lead t o  the conclusion that  the  13.3 GHz 
dual-polarized scatterometer should be modified t o  use  the fourth design t o  
a s su re  a high accuracy of the  measured data .  Further, the  enclosed analys is  
of the  present calibration method offers evidence that a l l  past  da ta  measured 
with the  present configuration was subject  t o  error in the  calibration s ignal  
and  hence in the  absolute level  of the scatterometer coefficient da ta .  Because 
t h i s  error is variable,  the  measured data bias level  is a l s o  variable. In the  
c a s e  of sea-s ta te  d a t a ,  the homogeneous nature of the  scattering surface per- 
mits the  slope of the  scatterometer coefficient data a s  a function of the  inci- 
dence angle t o  be used i f  the absolute level  of the coefficient is ignored. This 
c a n  only be considered a temporary method of utilizing past  sea-state sca t -  
terometry da ta .  
It must be strongly emphasized in th i s  introductory material that  there 
is a direct relationship between scatterometer data quali ty,  represented by 
the  accuracy of the  recorded measurement, and the  method of calibration 
used in the  system. Because of the  experimental nature of the  scatterometer 
program, it i s  imperative that  only data of high accuracy be used t o  evaluate 
the  relationship between radar scat ter ing response and the  nature of the  
measured terrain. It  is for t h i s  reason that  the  present scatterometer configu- 
ration must be modified t o  include a calibration network which will  assure  
th i s  accuracy and wi l l ,  a t  the  same t ime,  be independent of environmental 
and operational conditions. 
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The operation of four calibration systems suitable for use  in the 13.3 
GWz scatterometer is analyzed in th is  paper. The analys is  includes the ca l -  
culation of s ignal  levels  and frequency spectral  characteris t ics  a t  key points 
in  the receiver chain for each candidate design.  The complete mathematical 
analyses  are presented in Appendices I and I1 with major resul t s  quoted in th is  
sec t ion  together with a d i scuss ion  of the techniques and the operational 
requirements for precise calibration of the scatterometer.  
Appendix I considers  the present configuration which u s e s  a ferrite 
modulator in the rf received signal path t o  insert the calibration s ignal  into 
the  receiver.  The material presented in th is  appendix is a l s o  applicable t o  the 
second calibration design which replaces the ferrite modulator with a PIN diode 
modulator. This change does not affect the  signal  levels  nor the spectral  
behavior of the  receiver s ince  the  technique is similar t o  the present technique.  
The modulator component s tabi l i ty and reliability together with da ta  phase 
shif t  characteris t ics  are the only factors t o  be  considered in comparing the  two 
des igns .  
Appendix I1 proposes a modification t o  the  13.3 GHz scatterometer 
calibration system in which a calibrated sample of the  transmit s ignal  is injected 
directly into the  receiver input terminals.  The material presented in th is  appen- 
dix considers  the  use  of two different shapes  for the  calibration control wave- 
form: a s ine  wave (Design 111) and a square wave (Design IV). 
Appendix 111 presents  an  introduction t o  the u s e  of PIN diode devices 
a s  microwave modulators. 
Appendix IV presents  an analysis  of absorption devices used a s  modu- 
lators in the  four calibration system des igns .  Note I in th is  appendix considers  
the modulator bias requirement in relation t o  the  'gain '  transfer characteris t ic  
with the error in calibration signal amplitude calculated a s  a function of the 
bias level. Finally, Note I1 of the appendix considers .the error in the cali- 
bration signal when a non-ideal square wave is used in the signal injection 
system. 
Design 1 - Present system: ferrite modulator 
Consider first the calibration system presently in use  in the 13.3 GHz 
scatterometer. Figure 1 shows a block diagram of the system. A brief explana- 
tion of the operation of the system is necessary in order to  understand the 
operation of the calibration technique. The 13.3 GHz transmitter continuously 
emits energy from the transmitter antenna a t  the same time that attenuated 
samples of this energy are directed t o  the receiver for use in the calibration 
system a s  well a s  in the mixer. The receiver operates continuously with the rf 
received energy passing through a power divider - hybrid arrangement which 
shifts the phase of one output of the divider by 90' with respect t o  the second 
output. The rf phase shift provides a capability for separating positive and 
negative Doppler frequencies (corresponding t o  fore and aft data ,  respectively) 
after the spectral folding which occurs in the mixer. The receive signal without 
phase shift i s  passed through a directional coupler which adds an attenuated 
(36.5 dB) sample of transmit energy to  the data frequency spectrum. Following 
the coupler, the modified receive signal is amplitude modulated a t  the calibration 
signal frequency (usually 10 t o  12.5 kHz) by using a ferrite modulator. This 
ferrite modulator can be considered a s  a variable attenuator using the properties 
of the ferrite material t o  adjust the 'gain' ( - <1) experienced by the rf energy. 
The modulated data signal,  in parallel with the phase-shifted signal is then 
mixed down to  dc followed by amplification and recording of the information. 
The essent ia l  elements of the scatterometer system that must be considered 
when analyzing the calibration technique include the directional coupler, the 

ferrite modulator, the audio oscillator and the  mixer. 
Figure 2 shows the frequency spectrum of the receiver at .  (a) the  input 
t o  the  directional coupler,  (b) the  output of the coupler,  (c) the output of the 
ferrite modulator, and finally a t  (d) the  output of the  mixes. The following 
definitions of the  several  s ignals  are appropriate t o  the following ana lys i s .  
A1 cos OJO t (leakage from transmitter) 
As cos (ae + ) t  (return Doppler signal) 
A c o s  a, t t (coupled transmitter sample) 
A c o s  met (calibration oscillator output) 
C 
At + Al (total transmitter sample) 
quiescent  'gain '  of the  ferrite modulator 
t ransfer  'gain'  characteris t ic  of the ferrite modulator 
frequency of the transmitter,  in radians/second 
Doppler frequency of the return s igna l ,  in radians/second 
frequency of the calibration osci l lator ,  in radians/second 
Figure 2 (a) shows the frequency spectrum a t  the receiver input.  The amplitude 
of the  Doppler-shifted return signal spectrum is shown constant for il lustrative 
purposes but ,  in general ,  will  vary depending on the return from specif ic  
incident ang les .  For our analyses  we will consider only one Doppler component 
a t  frequency ( + W d )  a s  indicated in the figure. The input spectrum conta ins ,  
i n  addition t o  the  signal  spectrum, a component a t  the transmitter frequency 
due t o  leakage between the  transmit and receive antennas and microwave cir- 
cuitry. On the  figure, th is  i s  represented a s  Al . 
The purpose of the directional coupler is t o  inject an attenuated sample 
of the  transmitter output into the  receive spectrum. The result of th is  operation 
i s  shown in (b) where the coupled signal At is added t o  the leakage signal  t o  
f r e q u e n c y  
a f t  f o r e  
signals s i g n a l s  
- (a) Spectrum a t  input t o  the directional couples. 
f r e q u e n c y  
0, W,+aa 
- ) Spectrum a t  output of the directional coupler. 
dL)@-a&+Wd 
-- (c) Spectrum a t  output of the ferrite modulator. 
i d ,  L &=As > 
/ 
- (d) Spectrum a t  output of mixer. 
f r e q u e n c y  
Figure 2: Frequency spectrum in the present 13.3 GHz scatterometer 
configuration. 
produce a net  component Ax a t  the  t ransmit ter  frequency w e .  (This a s s u m e s  
the  phase  between At and  Al i s  zero with no at tenuat ion of t he  s igna l  through 
the  direct ional  coupler .  ) 
Figure 2(c)  shows the  spectrum a t  the output of the  ferrite modulator. 
In order t o  understand t h i s  rather  complex spectrum we wil l  consider  t he  pro- 
cess of var iable  'ga in '  u sed  by the  ferrite device  t o  achieve  modulation. A 
de ta i led  a n a l y s i s  of t he  modulation p roces s ,  given in  Appendix I V ,  shows 
t h a t ,  given a proper b i a s  point d, and a constant  gain s lope  sl, , then the  
to ta l  gain of the  ferrite modulator ( see  equat ion N1-4) is tha t  given in t he  
exp res s  ion be low. 
where: sC = to ta l  'ga in '  of t he  ferrite modulator 
= d, - d b A c  COS w,* 
The expres s ion  in  equat ion (4) can  be rewritten a s  equat ion (5) below us ing  
the  appropriate trigonometric re la t ions .  
The spectrum in Figure 2(c) shows t h e  frequency components of equat ion (5) 
with terms appearing a t  the transmit f requency,  the  Doppler-shifted s igna l  fre- 
quency ,  t he  carr ier  frequency plus-and-minus the  cal ibrat ion osc i l la tor  frequency, 
and signal  s idebands of the las t  term displaced by the Doppler frequency. The 
appearance of sidebands of the s igna% around the calibration frequency is d is -  
turbing s ince  t h e s e  terms overlap the  signal  spectrum. However, a n  interpre- 
tat ion of t h i s  effect will  be delayed t o  the  d iscuss ion of the  audio s ignal  
spectrum a t  the output of the  mixer. 
Turning now t o  the  output spectrum of the mixer which is the  output 
spectrum of the  scatterometer recorded on the  data tape  recorder, the  expression 
for t h i s  s ignal  is given in Appendix I by equation (1-8) and repeated a s  equation 
(6) below. It should be pointed out that the  terms appearing in the  Doppler 
spectr.um of both the  signal  and the  sidebands around W ,  are the  sum of fore 
and aft s ignals  a n d ,  for the purpose of th i s  ana lys i s ,  a re  assumed equal .  In 
operation, the  terms will  vary with the expected values indicated in  the  equation.  
where: L = mixer conversion gain 
The first  term in equation (6) appears a t  d c  and does not appear a t  the  
output of the  scatterometer because of the  bandpass characteris t ic  of the  
receiver amplifiers.  The second term is the  scattering signal information which,  
when processed,  will  yield the scat ter ing coefficient da ta .  The third term, and 
the  term of most interest here ,  is the calibration signal  and is used in the  data 
processing operation t o  indicate variations in the transmitter level  and varia- 
t ions  in net receiver gain.  The fourth and fifth terms are sidebands of the 
Doppler s ignal  which appear symmetrically about the calibration signal  a s  a 
result  of the  mod1.1lation performed directly in the signal  path. 
Pt is c lea r  from Figure 2 (d) that  the sideband energy appearing on 
ei ther  s ide  of t h e  calibrate s ignal  must be below the audio noise level  N a t  
the  output of t h e  mixer in order for the sideband energy not t o  interfere with 
the  da ta  spectrum. Therefore, i f  Ax, the total  transmitter sample,  is much 
larger than As , the Doppler s igna l ,  we must adjust the  level  of A, such 
tha t  
1 In prac t ice ,  the  calibrate s ignal  d m A c A x  is adjusted by Ac such 
d o  A% 
tha t  the  ratio - 5 (9 i s  90 dB. Therefore, if the data 
- Ldm As 
signal  is -60 dBm at  zero Doppler frequency, the  sideband level  around the  
cal ibrate s ignal  is -150 dBm which i s  well below the system noise level  of 
approximately -130 dBm . 
If A is adjusted according t o  equation (7) ,  the output spectrum of 
C 
the  scatterometer i s  that  indicated in Figure 3 .  For the figure, a gain of G 
is assumed for  the receiver s t ages  following the mixer. In addit ion,  the 
effects  of the  rolloff function have been ignored since only the lower frequencies 
in the  signal  spectrum are affected by th is  function. 
Figure 3: Output spectrum of Redop 1 channel of the 13.3 Ghz scatterometer.  
We are now in a position t o  d i scuss  the  calibration method presently 
used  in the  scatterometer by reference t o  Figure 3 .  The calibration s ignal  
y (t) is given in equation (8) below. 
C 
where: dm 1- t ransfer  'gain'  of the  ferrite modulator 
L - mixer conversion gain 
G = gain of the receiver s t ages  following the  mixer 
Ac 
= peak amplitude of the  calibrate s ignal  
Ax 
= to ta l  transmitter sample a t  the  output of the  
directional coupler 
= coupled transmitter sample 
A1 
= leakage transmitter s ignal  a t  receiver input 
terminals 
Equation (8) indicates that the calibration signal  recorded on the data 
t ape  recorder is indeed a function of the  transmitter output level  a s  well a s  
the  net receiver ga in .  However. yc(t) is a l s o  a function of the amplitude of 
the  calibration signal  Ac and the  slope dm of the  ferrite modulator t ransfer  
response.  The expression in equation (8) assumes  a constant s lope dm 
where,  in f ac t ,  dm is a function of the  instantaneous amplitude (A c c o s  u, c t) 
of the  modulating signal  and the  b ias  point do. Therefore, any variation in 
the  ferrite modulator operating point and transfer  characteris t ic  resul t s  in a 
b ias  shift  of the reduced data .  
The transfer 'ga in '  characteristic of the  ferrite modulator is symmetrical 
about the 'gain '  ax is  (i . e  . , equal  positive and negative modulating fields result 
14 
i n  equal  transfer 'ga ins ' )  a n d ,  for undistorted operation, the b ias  point must 
constrain the  modulating operatior1 t o  one quadrant of the transfer curve. From 
the  detailed analys is  of the  modulator operation in Appendix I V ,  i t  can  be con- 
cluded that any change in the  operating point do wiil cause  errors in the  
calibration signal  due t o  the  change in dm. Further, if operation is forced 
into the  bilateral region of the  transfer characteris t ic ,  the  error increases 
dramatically because the  modulator produces higher harmonic frequency terms 
with a n  attendant decrease in the  amplitude of the  first  harmonic a t  the  calibrate 
frequency. The worst c a s e  occurs with the  b ias  do a t  the  origin of the  modu- 
lator transfer curve. Dynamic operation is then symmetric about the  origin 
with only the  second harmonic of the  calibrate frequency appearing in the  output 
spectrum. 
The ferrite modulator, in the  present configuration of the  13.3 GHz sca t -  
terometer , has no dc  b ias  applied t o  the  modulation signal  terminals . This 
a s su res  a small rf s ignal  insertion loss  but requires the  modulation function 
to operate with a b ias  point determined by the  residual magnetism in the  ferrite 
material.  A s  a consequence ,  any change in residual magnetism due t o  tempera- 
ture variat ions,  aircraft vibration, s t ray  magnetic fields or other effects  will 
resul t  in changes in  the  operating point d and the  gain slope d of the 
0 m 
modulator. The result is a change in the  calibration signal amplitude with a 
corresponding change in t h e  scattering coefficient bias level .  This unstable 
situation can explain the  LT* bias shif t  evident on most of the  recently measured 
scatterometry data and should be considered a major limitation in the  usefulness 
of the  present 13.3 GHz scatterometer configuration. 
In judging the  merits of the  present calibration method, we must con- 
s ider  the e f f e c t s  of phase shift introduced by the ferrite modulator in one channel 
of the  scatterometer receiver.  Again referring t o  the system block diagram shown 
i n  Figure 1 , the  two receive channels  contain identical information with the  
exception that  the  Redop 2 channel has a phase shift of 900 with respect  t o  
Redop 1 ,  Because the  calibration network operates only on the  Redop 1 channel, 
a n  additional phase difference and attenuation between the  two channels  resul t s  
from t h e  ferrite modulator. Therefore, the  net phase difference between Redop 1 
and Redop 2 is no longer 90° a s  required for data processing t o  separa te  fore 
and aft  da ta ,  but is 90° minus the  phase shift  (assumed positive) introduced by 
1 the  ferrite modulator. It has been shown that  the  phase error must be less than 
2O i n  order for the  error in calculating t o  be l e s s  than 0.15 dB. Further, 
s ince  the  modulator is sens i t ive  t o  temperature and vibration changes ,  i t  is 
suspected  that  phase shift and hence ,  data processing accuracy,  will  a l s o  be 
dependent on these  environmental fluctuations. The ferrite modulator introduces 
attenuation in Redop 1 data compared t o  Redop 2 da ta .  However, th i s  attenua- 
t ion is compensated for by adjust ing the  gain of Redop 1 channel such  that  the 
two audio output s ignals  are  approximately equal .  If the  output s ignals  do not 
differ by more than lo%, the  data processing program will  adjust  the  amplitude 
of the  two channels  t o  be equal .  This assumes  a sufficiently high signal-to- 
noise ratio in  both channels with the  s t a t i c  ferrite modulator loss  included in 
the  calculat ion for c*. Table I1 below l i s t s  the  requirements for successful  
u s e  of the present method of calibrating the 13 - 3  GHz scatterometer.  
1. Bradley, G.  A .  , "An Analysis of RF Phase Error in the  13.3 GHz Scatter- 
ometer , " CRES Technical Memor.andum No. 118-20, November 1969. 
Table 11: Requirements for successful  calibration s f  the  13.3 GHz 
scatterometer using the  present method. 
- - 
Calibration osci l lator  s ignal  
ca amplitude accurately measured 
66 no significant amplitude variations I 
Ferrite modulator characteris t ics:  fixed bias c%, with no variations I I 
e Am accurately measured constant 
o no variations of phase or attenuation 
with temperature or vibration 
Transmitter leakage: I e accurately measured value I 
Design 2 - Present system: PIN diode modulator 
The second calibration method subs t i tu tes  a PIN diode modulator for 
t h e  ferrite modulator in the  present calibration system. The spectral  analys is  
is identical  t o  that  for design 1 presented above with the  output spectrum a s  
shown in Figure 3 and the  cal ibrate s ignal  given in equation (8) . The require- 
ments for successful  calibration are the  same a s  l i s ted  in Table 11. The 
expected benefit of using a PIN diode modulator compared t o  the  present ferrite 
modulator is a n  improvement ( i .e .  , decrease)  in the temperature and vibration 
sensi t ivi ty of the  device.  To accurately determine the  advantage of replacing 
t h e  ferrite modulator with a PIN diode modulator, an extensive environmental 
t e s t ing  program will be required for both devices .  Because such a tes t ing  pro- 
gram has  not been performed, no  conclusion can be reached a s  t o  t h e  advantage 
of modifying the  present configuration t o  use  a PEN diode modulator in place of 
the  ferrite device.  
Design 3 - Signal injection: sine wave 
The signal injection calibration system modulates a sample of the 
transmitter signal with a califjration oscillator signal, then simply adds this 
signal to  the incoming rf data signal. The several advantages of this method 
compared t o  the present calibration method will be indicated during the course 
of this analysis.  
Figure 4 shows a block diagram of the 13.3 GHz scatterometer system 
modified t o  use the signal injection calibration design. This figure should be 
compared with Figure 1 t o  understand the differences in the two methods. The 
injection system removes the modulator from the return rf signal path and 
instead,  adds the calibration signal a t  rf t o  the data frequency spectrum. The 
injected calibration signal i s  proportional t o  the transmitter energy since a 
sample of the transmitter output is used a s  the carrier in the injection system. 
The most significant improvement we recognize a t  this point is the removal of 
the ferrite device from the signal path. Thus, the dependence of accurate data 
measurement on modulator phase and amplitude stability is removed. We shall  
show in the following analysis that another advantage i s  realized by removing 
the dependence of the calibrate signal on transmitter leakage. 
A complete analysis of the calibration design shown in Figure 4 is pre- 
sented in Appendix 11. Two waveforms for the calibration signal generator are 
assumed in the analysis.  The first waveform is a sine wave with the analysis 
repeated for a square wave. In this section we shall  be concerned with the 
sine wave output of the calibrate signal generator. It should be mentioned in 
discussing the block diagram of Figure 4 that the modulator used in the injection 
system can be either a ferrite modulator or a PIN diode modulator. However, 
it i s  expected that increased reliability and independence of environment 
variations will indicate clear superiority of the PIN diode device in this appli- 
cation. 

Figure 5 shows the  frequency spectrum of the scatterometer sys tem,  with 
s i n e  wave calibration inject ion,  plotted for several  key locations in the  system. 
Fi rs t ,  consider Figure 5(a) which shows the spectrum a t  the output of the  
modulator. The symbols used in the  figure are identical t o  those  used in the  
Design 1 analys is .  Figure 5(b) shows the spectrum a t  the  input t o  the  mixer in 
the  receive channel Redop 1. Note tha t  th i s  spectrum is merely the  spectrum of 
the  return data s ignal  (containing the  Doppler information) modified by the  
injection of the calibration signal  into the  spectrum. In the  figure, k2 is the  
coupling constant of the  directional coupler in the  receiver l ine.  Figure 5(c) 
shows the  spectrum a t  the  output of the  mixer. A s  before, the  fore and aft sig- 
na l s  are  assumed t o  be equal  with the  folded data spectrum appearing a s  shown 
in the  figure . 
Figure 6 below shows the output spectrum of the  13.3 GHz scatterometer 
using the  injection calibration method with sine-wave calibration s ignal  genera- 
t ion .  From the  figure it is seen  that the  calibration signal  y (t) is given by 
C 
the  expression of equation (9) below. 
where: k2 = coupling constant of the  directional coupler 
remaining terms a s  defined for equation (8) 
Comparing equation (9) with equation (8) shows that the only difference 
between the  two expressions is the additional constant k2 in equation (9) and 
the  factor At instead of Ax. Thus, we can conclude that a slight improvement 
in  the  calibrate s ignal  accuracy is obtained by the  elimination of the  dependency 
on leakage from the  transmitter.  However, the  scatterometer system data 
(a) Spectrum at  the  output of the  calibrate s ignal  modulator. 
(b) Spectrum a t  the input t o  the  mixer. 
' 2 ~(44b +A,) 
f r e q u e n c y  
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(c) Spectrum at the  output of the mixer. 
Figure 5: Frequency spectrum in 13.3 GHz scatterometer using signal 
injection method for calibration. A sine wave is assumed a s  
the calibration signal. source.  
Figure 6: Output spectrum of the  13.3 GHz scatterometer with 
sine-wave calibration signal  injection. 
accuracy is improved by removing the  modulator from the  rf data s ignal  path, 
thus  eliminating phase shift: errors in the  measured data s ignal .  In addit ion,  
the  criterion for adjusting the  calibration signal  amplitude such tha t  sidebands 
a re  below the  system noise level  no longer ex i s t s  with the  injection system. 
Table 111 l i s t s  the  requirements for successful  use  of the  injection system that  
u s e s  a s ine  wave s ignal  generator. 
Table 111: Requirements for successful  calibration of the  13.3 GHz 
scatterometer using the  injection system with s ine  wave 
input.  
Calibration oscillator s ignal  Ac k2 accurately measured 
Modulator characteris t ics  dm accurately measured 
This  design u s e s  t h e  same method of injecting the  calibration s ignal  
into the  receiver Redop 1 channel  with the exception that  the modulation wave- 
form i s  a saturating square-wave instead of a small s inusoid.  Therefore, the  
block diagram of Figure 4 is applicable t o  th is  design.  Again, the modulator 
can  be ei ther  a ferrite device  or a PIN diode with the latter offering an  advantage 
in s tabi l i ty and reliability. 
Appendix.11 presents  the complete analys is  of the use  of the square- 
wave calibration signal  i n  t h e  design of Figure 4, If& analys is  cons is ts  of 
expanding the  square wave a s  a Fourier s e r i e s ,  then se lec t ing  the  appropriate 
terms of the  infinite s e r i e s  composed of a l l  odd harmonics of the  fundamental 
frequency. It will  be shown in the following sketches  of spectral  response 
that t h i s  technique el iminates the  dependency of the  calibration signal  on the  
amplitude of the output of t h e  calibration signal generator a s  well a s  on the 
transfer  'gain '  characteris t ic  dm of the modulator. In other words,  the  use  
of the  square -wave modulation eliminates a l l  the  requirements specified in both 
Tables I1 and 111 (except t h e  need t o  know k2) and resul t s  in an ideal  calibration 
method that  is independent of a l l  calibration system variables and i s  dependent 
only on the  variables of ne t  receiver gain and transmitter power. 
Figure 7 shows the  frequency spectrum plotted a t  the  same points in 
the  13.3 GHz scatterometer system a s  those of Figure 5 .  Figure 7(a) shows the  
output spectrum of the  calibrate-signal modulator. For th is  figure, i t  should 
be noted that  the term 
aCM i s  the maximum gain of the  modulator and i s  not equal 
t o  dm used previously as the  transfer 'gain '  characteris t ic  of. the modulator. 
Also note from the  figure tha t  the calibration signal  amplitude a t  frequencies 
( f aC ) i s  independent of the calibration signal  generator amplitude. This 
is because the square wave i s  adjusted such that  there i s  either maximum gain 
(a) Spectrum a t  the  output of the  cal ibrate s ignal  modulator. 
: (b) Spectrum at the  input t o  the  mixer. 
f r e q u e n c y  0 "d 
- (c) Spectrum a t  the  output of the  mixer. 
Figure 7: Frequency spectrum in 13.3 GHz scatterometer using signal  
inject ion method for calibration. A square wave is used  a s  
t h e  calibration s ignal  source ,  
dM or minimum gain (- 0 )  through the device. Since these are fixed con- 
s tan ts  unique t o  the device,  the only variable in  the spectral terms of Figure 
7(a) is At, the transmitter sample. 
Figure 8 below shows the output spectrum of the 13.3 GHz scatterometer 
using the injection calibration technique together with square-wave signal 
modulation. From the figure, the calibration signal a t  the output of the scat-  
terometer is that given in equation (10). 
d, k2 L GAt cos  mG t 
where: oC, = maximum gain of the modulator. 
Figure 8: Output spectrum of the 13.3 GHz scatterometer with 
square-wave calibration signal injection. 
Equation (10) shows that a definite advantage has been realized by 
using a square-wave a s  the modulation waveform. The calibration signal a t  
the output of the scatterometer is independent of the calibration circuitry 
(with the exception that the minimum and maximum attenuation of the modulator 
and the directional coupler factors must be known constants) and i s  dependent 
only upon the scatterometer variables which are t o  be calibrated (L GAt) . 
Therefore, the square-wave injection system i s  the ideal calibration method 
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for use  with the  13.3 GHz scatterometer and it is herein recommended that  the 
present equipment be modified t o  use  th is  technique. 
-.- 
when using the  square-wave injection sys tem,  a quest ion a r i ses  con- 
cerning the  relation between square-wave distortion and the  resulting calibra- 
t ion signal  error. Note II in Appendix %V contains an analys is  of th i s  relation- 
sh ip  where it  is assumed that  the  leading and trailing edges  of the  square 
wave have a s inusoidal  shape .  This can be considered t o  be a 'worst c a s e '  
condition because  the  non-ideal leading and trailing edge response a t  the 
fundamental frequency of the  square wave will result in the  maximum change in 
the  calibration s ignal .  Thus,  th is  analys is  presents  an upper-bound on 
distortion of the  square wave. 
If one assumes  a square wave whose amplitude varies from zero t o  A 
0 
then i t  can be shown (as  in Appendix 1%) that,for a calibration s ignal  error of 
less than 0.4%, the  r ise time must be l e s s  than or  equal  t o  0.016 GI  where T 
is the period of the  calibration signal .  For example,  i f  the  frequency of the  
calibrate s ignal  is 10 k H z ,  then T = seconds and the maximum r i se  time 
of the  square-wave (for l e s s  than 0.4% calibration error) is 1.6 microseconds. 
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Conclusions 
An analys is  has  been presented of four methods available for dynamic 
calibration of the  13.3 GHz scatterometer sys tem.  A detaiied mathematical 
treatment has  been given for each  method with the requirements l is ted for accept-  
able  use  of the method. 
The present calibration system was shown t o  be unacceptable because 
of the  dependency of the  calibration signal on variables within the  calibration 
system i t se l f .  These variables include the calibration osci l lator  amplitude, the  
ferrite modulator attenuation characteristic and the  transmitter-to-receiver 
leakage power. The b ias  point of the ferrite modulator is dependent upon 
residual  magnetization of the  ferrite material.  Any change in th is  operating 
point due t o  either internal or external influences will change the  calibration 
s ignal  amplitude. In addit ion,  phase and amplitude characteris t ics  of the 
ferrite modulator in the da ta  signal path lead t o  error in the  separation of fore 
and aft  information. Because these  variations cannot be monitored, the bias 
level  of measured scat ter ing coefficient data is variable a t  the same time that 
accuracy of the  relative da ta  is variable due t o  phase and amplitude variations 
of the ferrite modulator. 
The second calibration method considered in the  analys is  simply replaces 
the  ferrite modulator in the  present system by a solid-state PIN diode modulator. 
The only advantage of th is  method compared t o  the present method i s  in the 
increased stability of the modulation device.  Because the  variations in the 
calibration signal  can s t i l l  occur,  this method i s  equally unacceptable for cal i-  
brating the  13 .3  GHz scatterometer . 
The third and fourth designs inject a sample of the  transmit signal 
offset by the  calibration s ignal  frequency into the receive rf s ignal  path. 
The advantage of th is  technique compared t o  designs one and two i s  that there 
is no act ive devise  in the  r% signal  path but simply an rf directional coupler.  
Therefore, phase and amplitude errors in the  data due t o  the  calibration system 
are eliminated using t h i s  technique. In design th ree ,  a s inusoidal  s ignal  is 
used t o  modulate the transmitter sample before it is injected into the  receive 
channel .  The calibration signal  thus produced remains dependent upon the  
modulator characteris t ic  and the  calibration osci l lator  amplitude. Because 
t h e s e  parameters are  both subject t o  variat ion,  th i s  design is undesirable.  
The fourth design u s e s  a square-wave signal  t o  modulate the  transmitter 
sample preceding injecting into the receiver rf circuitry. This method has  
the advantage that  the calibration signal  recorded on the data tape recorder is 
dependent only upon the  transmitter sample and the  net receiver ga in ,  t h e  
parameters which are  t o  be monitored by the  calibration signal .  Because th i s  
s ignal  is independent of calibration system variables and data errors are  mini- 
mized by removing the  act ive modulator from the  receiver rf circuitry,  th i s  
design can be considered ideal for use  with the  13.3 GHz scatterometer.  
It is recommended that the  13.3 GHz scatterometer be modified t o  include 
the  fourth calibration des ign.  Further, it is recommended that  a PIN diode 
modulator be used in the  calibration circuitry because of the advantage of 
increased stabil i ty and reliability afforded by th i s  device compared t o  a ferrite 
modulator. The major modification in the  equipment will  be in the  microwave 
circuitry with the  modulator removed from the  rf s ignal  line and additional 
circuitry added t o  achieve the calibration injection. Comparison of Figures 1 
and 4 indicates the  extent of t h e s e  modifications. In addition, the  calibration 
osci l lator  must be replaced with a square-wave generator. 
It is expected that  modification of the calibration circuitry t o  tha t  recom- 
mended in th i s  paper will  result in a major improvement in the  accuracy of data 
measured by the  13.3 GHz scatterometer.  Further, the  consistency of the  
2 8 
quality of these  data measurements when comparing separate missions will  
be es tabl i shed which will  allow precise conclusions t o  be reached regarding 
the  behavior of the  scattering coefficient in relation t o  terrain charac ter is t ics .  
Because t h i s  is the  objective of the  aircraft test ing scatterometry program, i t  
is required that  the  recommended modification be incorporated into the  equip- 
ment as soon a s  possible.  
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a u d i o  r e c e i v e r  
Cons ider  f i r s t  t h e  r e t u r n  d a t a  s i g n a l  yr4 : 
where: A s =  ampl i tude  of  s i g n a l  a t  f requency (w,twd), i n  v o l t s  
@o = c a r r i e r  f requency  i n  r a i  i .nns/second 
bUd = Doppler f requency  co r r e spond ing  t o  i n c i d e n t  
a n g l e  8 ,  i n  r ad i ans / second  
The f r equency  spec t rum of  yrq i s  shown below 
The s i g n a l  Y;S i s  modi f ied  from yr$ by coup l ing  an a t t e n u a t e d  
sample o f  t h e  t r a n s m i t t e r  energy  a t  f requency  w , i n t o  t h e  
spec t rum o f  3 ~ .  I n a d d i t i o n ,  a  s m a l l  amount o f  t r a n s m i t  
energy  e n t e r s  t h e  r e c e i v e r  t h rough  an tenna  coup l ing .  
where: Ax = A + Ah t 
A = ampl i tude  o f  coupled  t r a n s m i t  sample 
t 
A&= ampl i tude  of  l eakage  s i g n a l  
The f r equency  spec t rum of yr4 i s  shown below 
f requency  
w, ao+Wd 
/ The signal Y,g is now transferred through the ferrite modulator 
which, in combination with the transmit sample Ax, causes 
the calibration signal yc to be generated in the receiver 
frequency spectrum. As an aside, let us consider the 
operation of the ferrite modulator. 
The ferrite modulator operates as a variable isolator with 
the amount of Faraday rotation, and hence, the amount of 
isolation, controlled by the modulating signal. Representing 
the device as shown below, we can derive the transfer equation 
which we will use to modify 3:c. . 
sf inpu Ferrite Modulated 
signal Modulator signal 
Modulating 
Signal 
The output signal from the modulator is given by the following 
expression (assuming operation at an appropriate bias point 06,) 
XI ( * )  = ( d o  - dwy(+) ) % & )  (1-3) 
where: do = quiescent 'gain' with y (t) = 0 
d m  = transfer 'gain' characteristic 
sf the ferr~te modulator 
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I /  The s i g n a l  ?,+ can  now b e  w r i t t e n  by u s i n g  e q u a t i o n s  (1 -2 )  and 
(1-3) 
Then, expanding and u s i n g  t h e  a p p r o p r i a t e  t r i g o n o m e t r i c  
r e l a t i o n s ,  e q u a t i o n  (1-4) becomes 
The f requency  spec t rum of e q u a t i o n  (1-5) i s  shown i n  t h e  
f i g u r e  below. 
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Consider now the mixing operation. The notation we shaff 
use to describe the operation is shown in the figure below. 
arf inpu frequency-translated 
signal signal 
mixing 
signal 
(LO) 
If Em >>Es, then the output signal eo(t) will have the 
f~llowing form. 
where : h, ,k, = mixing constants 
L = mixing gain at sideband frequencies 
It should be noted in equation (1-6) that the sideband 
amplitudes located at frequencies (b*),,f Qare dependent only 
on the signal amplitude and mixing gain and are independent 
of the magnitude of the mixing signal amplitude Em. This is 
for the case where Ern>> E, which is the typical case for 
mixing operations. 
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Now, app ly ing  t h e  r e s u l t s  of equa t ion  (1-6) t o  s i g n a l  y,f 
given i n  equa t ion  ( I - 5 ) ,  we a r r i v e  a t  t h e  audio s c a t t e r o m e t e r  
s i g n a l  y s ( t ) .  
C l e a r l y ,  we a r e  i n t e r e s t e d  only  i n  t h e  l a s t  term s i n c e  a l l  
o t h e r  t e r m s  of equa t ion  (1-7) appear  a t  f r equenc ies  o u t  of t h e  
audio  band. S u b s t i t u t i n g  equa t ion  (1-5) i n  (1-7) , ys (t) 
becomes t h e  fo l lowing.  
From t h e  mixer a n a l y s i s ,  t h e  c a l i b r a t e  s i g n a l  a t  f requency cut 
Ac 9% i s  independent  of  t h e  l o c a l  o s c i l l a t o r  amplitude Alo i f  ALo>>dkT. 
From equa t ion  ( I - 8 ) ,  we can s e e  t h e  f o l d i n g  o p e r a t i o n  t h a t  
occurs  when mixing t h e  c a r r i e r  frequency down t o  dc .  Thus, 
cos (-u),)t i s  t r a n s l a t e d  t o  cos Wet and cos (-We+Ud) t t o  
cos ( w e - q ) t .  The s p e c t r a l  p l o t  below i l l u s t r a t e s  t h i s  f o r  
t h e  case' where f o r e  and a f t  s i g n a l s  ( a t  +UJA and ---(aJ , r e s p e c t i v e l y )  
a r e  e q u a l .  
Unfolded spectrum: 
Folded spectrum: 
, & ~ p ( , ~ A . R s  
Consider t h e  spectrum of t h e  d a t a  s i g n a l  about t h e  c a l i b r a t e  
s i g n a l  a t  frequency ac. The r a t i o  of t h e  s i g n a l  a t  ulc 
t o  t h a t  a t  UIC &ud i s  
There fo re ,  i f  Ax >> As and i f  Ac i s  a d j u s t e d  such t h a t  
L~,,LA,A,  2. 9 N 
where: N i s  t h e  system r m s  no i se  f l o o r  a t  audio,  
then  t h e  i n t e r a c t i o n  between d a t a  and c a l i b r a t e  s i g n a l  w i l l  
n o t  appear i n  t h e  spectrum. This  i s  shown i n  t h e  f i g u r e  below. 
0 
frequency 
The conditions for correct operation of this calibration 
system are summarized below. 
(1) appropriate bias level (see Appendix IV, Note 1) 
( 2) at the coupler, Ax >> As 
2 N  ( 3 )  at the ferrite modulator, Ac ( -------- 
A c  A? ( 4 )  at the mixer, Ale>> dm ~ m L A ! 5  
where: Ax = total transmitter sample, (coupled + leakage) 
at the input to the ferrite modulator 
As = received signal amplitude 
Ac = calibrate signal amplitude 
= local oscillator signal amplitude 
N = noise floor at audio 
d m =  transfer 'gain' characteristic of modulator 
L = mixer sideband gain 
APPEmDIX I1 
ANALYSIS OF I N J E C T I O N  CALIBRATION SYSTEM 
APPENDIX 11: AnaPvsis of Infection Calibration Svstem. 
directional 
transmitte 
audio receiver 
coupler 
Consider first the rf signal yif which is the transmitter 
signal y modified by the calibrate signal yc. We shall 
Tc 
treat the transfer function of the modulator in an analogous 
way to that used in Appendix I (i.e. as a variable'gain' device). 
Then, rewriting equation ( 1 - 3 )  in our present notation, we 
get the following expression. 
where: 4,= modulator quiescent gain with yc(t) = 0 
d,= gain transfer characteristic of the modulator 
Now, substituting the appropriate expressions for yc (t) and y (t) , 
Tc 
we get 
y;+ = ( d o  - d, ~ , ( t ) )  A t c o s  l o o t  (11-1) 
A-. Injection system with calibration signal sinusoidal. 
Let Fc(t) = Ac Cos Wet 
Equation (11-11 then becomes 
ylrE = d o  A+ ~ 0 s  ~ e *  - -:O(m A,-- At COS (w,+ ac)t 
\ 
- dm A, 44- b 5  (w,-we)-& 
The spectrum of this signal is shown in the figure below. 
The signal at the output of the directional coupler yif 
can now be found as follows. 
where: k2 = coupling coefficient of the directional 
coupler. 
The spectrum of y" is shown in the figure below. 
r f 
Now, using equation (1-7) from Appendix I, the signal ys  at 
the output of the mixer is 
9 s  (t') = y:4 ccs a,% + higher frequency terms 
where: L = mixing gain at sideband frequencies 
Ale >> As. 
Then, 
- 
\ 5 ,- (doka4k  +&A) + I z LA, cos wa+ 95 - 
Again,  i f  w e  assume t h a t  d a t a  s i g n a l s  a t  n e g a t i v e  Doppler 
f r e q u e n c i e s  a r e  e q u a l  t o  t h o s e  a t  p o s i t i v e  Doppler f r e q u e n c i e s ,  
t h e n  t h e  f requency  spec t rum o f  ys w i l l  appear  a s  shown below. 
requency 
C l e a r l y ,  t h i s  method h a s  t h e  f o l l o w i n g  advantages  compared 
t o  t h e  p r e s e n t  method ana lyzed  i n  Appendix I: 
1. Data s i g n a l  n o t  s u b j e c t e d  t o  i n s e r t i o n  l o s s  and 
phase  s h i f t  o f  modulator .  
2 .  C a l i b r a t i o n  s i g n a l  independent  of t h e  t r a n s m i t t e r  
l eakage  power. 
The p r i n c i p a l  d i s a d v a n t a g e  i s  t h e  dependence e f  t h e  c a l i b r a t i o n  
s i g n a l  a t  aud io  on t h e . a m p l i t u d e  of  t h e  c a l i b r a t e  o s c i l l a t o r  
Consider the square wave sketched in the figure below. 
where : 
F(t) c o s  nu* a=+ , b' 0 (even function) 
Calculating the coefficients, f(t) becomes 
where: W, = the calibrate signal frequency 
Referring to equation (11-5), the only term we need 
consider for use in the calibration system is that appearing 
at frequency t&. . The remaining terms will appear outside 
the audio bandwidth at the output of the scatterometer. 
Thus, if the calibrate frequency is PO kHz, the higher-order 
terms of (11-5) will be at 30 kHz, 50 kHz etc sufficiently 
outside the audio bandwidth. , 
Applying the results of the Fourier expansion of the square 
wave, the signal Fc(t) in equation (11-1) will be 
Suppose that the peak-to-peak amplitude of the square wave A. 
corresponds to the net difference between maximum gain a!, and 
minimum gain (assumed zero) of the modulator. Then 
where: dM= maximum 'gain' of the modulator 
dm= transfer'gainbharacteristic of the 
modulator 
Substituting this expression in equation (11-1) results in 
the expression for the calibration signal at rf preceding 
injection into the receive data spectrum. We note that, 
since the modulator will operate between minimum and maximum 
'gain', the modulator bias d,  will be adjusted to dM 
Then 
= d M  (3 - 2- casul,t) Ac US w& 
-K- 
Expanding the trigonometric quantities results in the 
following expression. 
The frequency spectrum of y '  i s  shown below. 
r g: 
Following t h e  a n a l y s i s  developed f o r  t h e  s i n u s o i d a l  c a l i b r a t e  
s i g n a l ,  we compute t h e  combined s i g n a l  a t  t h e  o u t p u t  of t h e  
d i r e c t i o n a l  coup le r  y i f .  
+ ~ I L  + y:F -jkz 
The frequency spectrum of y;f is shown i n  t h e  f i g u r e  below. 
frequency 
Again u s i n g  e q u a t i o n  (1-7) from Appendix 1, t h e  s i g n a l  ys 
a t  t h e  o u t p u t  o f  t h e  mixer  i s  
- / I  3 s  = !- yrG wok + h i g h e r  f requency  terms 
where:  L = mixing g a i n  a t  s ideband  f r e q u e n c i e s  
Then 
Assuming e q u a l  p o s i t i v e  and n e g a t i v e  Doppler d a t a  s i g n a l s ,  t h e  
spec t rum a t  t h e  o u t p u t  o f  t h e  mixer  i s  shown i n  t h e  f i g u r e  
below. 
f requency  
Advantages o f  square-wave c a l i b r a t i o n  i n j e c t i o n  system: 
P. Data s i g n a l  i ndependen t  o f  i n s e r t i o n  l o s s  and phase  
s h i f t  of  modulator .  
2 .  C a l i b r a t e  s i g n a l  independent  of  t r a n s m i t t e r  l eakage .  
3 .  C a l i b r a t e  s i g n a l  a t  preamp i n p u t  dependent  o n l y  on 
t r a n s m i t t e r  l e v e l  At ( & A , ~ ~ , = f i x e d  c o n s t a n t )  
APPENDIX 111 
THE PIN DIODE MODULATOR 
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APPENDIX 911: The PIN Diode Modulator by Rod L, Angle 
A. Physical and Mathematical Description. 
The PIN diode is made up of three layers of semiconductor 
material. The middle layer is an intrinsic. (I) region 
sandwiched between a P-type layer and an N-type layer. The 
diode at low frequencies acts as an ordinary rectifying 
diode; but acts as a pure resistance at high frequencies due 
to the charge storage capabilities of the I region. The 
transition, or 'changeover', frequency that separates these 
two characteristics is defined as f where 
0 
where: % =  recombination lifetime in the I region 
Thus, at frequencies below f , the diode is a normal diode 
0 
and above fo, the diode is a resistor. The recombination 
lifetime is a controlled parameter usually between 
0.03 microseconds and 3 microseconds. Taking a typical value 
Y = 0.1 microseconds, fo = 1.6 MHz. Therefore, for an 
application of the PIN diode as a modulator at 13.3 GHz, the 
diode can be considered as a pure resistance. 
The conduction of the PIN diode is proportional to the 
stored charge which, in turn, is proportional to the diode 
current given in the following expression. 
where: Ld= d i o d e  c u r r e n t  
qd= charge  s t o r e d  i n  t h e  d iode  
Now, i f  t h e  d i o d e  i s  b i a s e d  by a d c  c u r r e n t ,  t h e n  
where: Id = d c  b i a s  c u r r e n t  
Because t h e  r e s i s t a n c e  of  t h e  d e v i c e  i s  p r o p o r t i o n a l  t o  t h e  
cha rge  s t o r e d  Qd, t h e  r e s i s t a n c e  can  be c o n t r o l l e d  by t h e  d c  
b i a s  c u r r e n t  Id. It  shou ld  b e  no ted  t h a t  Qd, and hence t h e  
r e s i s t a n c e ,  i s  independent  o f  t h e  r f  c u r r e n t  f o r  s u f f i c i e n t l y  
h i g h  f r e q u e n c i e s .  
A d e v i c e  w i t h  t h e s e  c h a r a c t e r i s t i c s  can c l e a r l y  b e  used 
a s  an r f  modula tor  i n  e i t h e r  a p u l s e  o r  an ampl i tude  modulator  
c i r c u i t .  Although t h e  r e s i s t a n c e  v s  c u r r e n t  c h a r a c t e r i s t i c  
o f  t h e  PIN d i o d e  i s  n e a r l y  l i n e a r ,  t h e  p r e f e r r e d  a p p l i c a t i o n  
would u s e  a s q u a r e  wave o r  a p u l s e  a s  t h e  modula t ing  waveform. 
B. Advantages of  u s i n g  t h e  P I N  d iode  modulator .  
The PIN d i o d e  abso rbs  power w i t h  t h e  microwave energy  
d i s s i p a t e d  a s  h e a t .  T h i s  t e n d s  t o  e l i m i n a t e  r e f l e c t i o n s  
t o g e t h e r  w i t h  a s s o c i a t e d  VSWR' problems i n  t h e  r f  'microwave' 
c i r c u i t r y .  A s  long  a s  t h e  r f  power th rough t h e  d i o d e  i s  
below one w a t t ,  t h e  d i s s i p a t i o n  w i l l  n o t  exceed t h e  l i m i t s  of  
t h e  d e v i c e  and harmonic d i s t o r t i o n  w i l l  be minimized. S i n c e  
t h e  d iode  r e s i s t a n c e  change ( c o n t r o l l e d  by t h e  c a l i b r a t i o n  
s i g n a l )  i s  opera ted  a t  a much lower frequency than  t h e  r f  
s i g n a l ,  t h e  i n t e r a c t i o n  between t h e  k l y s t r o n  frequency and 
t h e  modulator w i l l  be minimal, Perhaps most impor tan t ly  f o r  
t h e  13.3 GHz s c a t t e r o m e t e r  a p p l i c a t i o n ,  t h e  tempera ture  
dependence of t h e  PIN d iode  modulator can be kep t  t o  a 
minimum by us ing  a temperature s e n s i t i v e  element i n  t h e  
b i a s  source .  Thus, by simply changing t h e  b i a s  p o i n t  of  t h e  
d iode ,  w e  can compensate f o r  any tempera ture  v a r i a t i o n s .  
I n  t h e  u s u a l  c i r c u i t  c o n f i g u r a t i o n ,  t h e  P I N  d iode  
modulator con ta ins  more t h a n  one d iode .  This  i n c r e a s e s  t h e  
a t t e n u a t i o n  c a p a b i l i t i e s  b u t  more impor tan t ly ,  has t h e  
advantage of reducing t h e  r e f l e c t i o n  caused by t h e  presence  
o f  t h e  s i n g l e  d iode .  With t h e  d iodes  spaced a quarter-wave- 
l e n g t h  a p a r t ,  t h i s  r e f l e c t i o n  can be reduced t o  a minimum. 
The p r i n c i p a l  advantages of t h e  PIN diode  modulator 
a r e  l i s t e d  below. 
1. The PIN diode  modulator d r i v e n  by a square  wave w i l l  
n o t  i n t r o d u c e  any extraneous s p e c t r a l  i m p u r i t i e s  due 
t o  t h e  n o n - l i n e a r i t y  of t h e  d iode  c h a r a c t e r i s t i c  a s  i t  
would w i t h  a s i n u s o i d a l  waveform. 
2 .  E r r o r s  i n  matching and r e f l e c t i o n s  dur ing  swi tch ing  
a r e  minimal f o r  a PIN diode modulator.  
3 .  P a r a s i t i c  r e s i s t a n c e s  e x i s t  i n  t h e  diode and i t s  
c i r c u i t r y  which a f f e c t  t h e  a t t e n u a t i o n .  However, wi th  
proper  b i a s i n g ,  t h e s e  p a r a s i t i c s  can be reduced t o  
provide  o p e r a t i o n  independent of t h e  p a r a s i t i c s  of t h e  
c o n f i g u r a t i o n  
4 .  By proper  package des ign  and placement i n  t h e  
waveguide, t h e  i n s e r t i o n  l o s s  can be minimized and 
t h e  i . s o l a t i o n  can be maximized. 
C. The P I N  d iode  i n  a  square-wave modulator.  
1. The PIN diode  r e s i s t a n c e  v s .  dc  b i a s  c u r r e n t .  
The f i g u r e  below i s  from Hewlett-Packard 
Appl ica t ions  Note AN-922.  This  r e p r e s e n t s  
a t y p i c a l  P I N  diode wi th  t h e  e x a c t  va lues  
dependent upon t h e  p a r t i c u l a r  d iode  chosen. 
F igure  111-1. Resis tance  of a  P I N  diode vs .  b i a s  
c u r r e n t .  
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2, Circuit representation of the PIN diode modulator. 
The PIN diode modulator can be considered as 
a variable load resistance in parallel with the 
rf signal. As the resistance changes, so does 
the amplitude of the rf signal appearing at the 
output terminals. The equivalent circuit is 
shown in the figure below. 
rf 
input 
signal 
modulated 
rf output 
signal 
Figure 111-2. Equivalent circuit of PIN diode 
modulator. 
The rf input signal is at a frequency of 13.3 G H z  
and is a sample of the output of the transmitter. 
The current bias i(t) is a square wave with a 
typical maximum value of 1 milliampere and a 
minimum value of 5 microampere. From Figure 111-1, 
this range of i(t) gives a typical resistance 
range of 10 ohms to 1000 ohms. If the impedance 
seen at the output is 500 ohms,then the 'gaini 
G ( t )  o f  t h e  c i r c u i t  w i l l  have a  maximum o f  0.667 
a t  R(t) = PO00 ohms and a  minimum of z e r o  a t  
R ( t )  = 10 ohms. The f i g u r e s  appea r ing .  below 
i l l u s t r a t e  t h i s  r e l a t i o n s h i p .  
B i a s  c u r r e n t  i (t) 
P I N  d i o d e  r e s i s t a n c e  R ( t )  
C i r c u i t  Gain G ( t )  (Zo= 50 ohms) 
m m I x  Iv 
ANALYSIS OF MICRCNAVE MODULNORS 
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Microwave Modula tors ,  
-- 
NOTE I, O n  t h e  u s e  of v a r i a b l e  attenuatoss as rnodubatsrs .  
-- --7-~ - 
A. F e r r i t e  modula tor  using s i n u s o i d a l  modula t ing  s i g n a l .  
The t r a n s f e r  ' g a i n '  of t h e  f e r r i t e  modulator  p l o t t e d  a s  
a f u n c t i o n  of  t h e  s o l e n o i d  f i e l d  z ( t )  i s  shown i n  t h e  f i g u r e  
below. Note t h a t  t h e  maximum g a i n  dM o c c u r s  when z ( t )  = 0 
and t h e  g a i n  response i s  s y m e t r i c a l  about t h e  z ( t )  = 0 a x i s .  
The s l o p e  of  t h e  r e s p o n s e  i s  d,, w i t h  t h e  b i a s  o r  q u i e s c e n t  
p o i n t  l o c a t e d  a t  4 The b i a s  p o i n t  i s  e s t a b l i s h e d  i n  t h e  
p r e s e n t  sys tem c o n f i g u r a t i o n  by t h e  remanent magnetism of  
t h e  f e r r i t e  m a t e r i a l .  The purpose  o f  t h i s  n o t e  i s  t o  compute 
t h e  ampl i tude  of  t h e  c a l i b r a t i o n  s i g n a l  a s  a f u n c t i o n  of  t h e  
l o c a t i o n  of  t h e  b i a s  p o i n t  as w e l l  a s  t h e  t r a n s f e r  s l o p e  of  
t h e  ' g a i n t o  
T r a n s f e r  " a i n h r s p o n s e  s f  t h e  f e r r i t e  modula tor .  
The modu la t i sn  waveform can be ~ l o t t e i l  frem t h e  above f i g u r e  
u s i n g  t h e  ~ h a r a c t c r i s t i c s  af t h e  "gsins response i n  combinat ion 
w i t h  t h e  m o d u l a t i n g  s i g n a l  y f t ) ,  T h i s  i s  shown i n  t h e  f i g u r z  
below f o r  t h e  g e n e r a l  case where a  p o r t i o n  s f  t h e  o p e r a t i n g  
r e g i o n  o c c u r s  about  t h e  o r i g i n  of  t h e  @ g a i n s  r e sponse .  From 
t h e  f i g u r e  i t  can  be s e e n  t h a t  the Eoeat jon  of t h e  b i a s  p o i n t  
do w i l l  d e t e r m i n e  t h e  harmonic c o n t e n t  o f  t h e  modulated 
spec t rum and w i l l .  d i r e c t l y  i n f l u e n c e  t h e  ampl i tude  of  t h e  
c a l i b r a t i o n  s i g n a l ,  Thus, i f  d, c o i n c i d e s  w i t h  a C w ,  t h e  
maximum ' g a i n "  t h e n  t h e  modulat ion s i d e b a n d s w i l l  appear  
a t  f r e q u e n c i e s  + 2 w e  - abou t  %he c a r r i e r  f requency  W e .  En 
c o n t r a s t ,  t h e  d e s i r e d  o p e r a t i o n  i s  when i s  such  t h a t  
t h e  s i g n a l  y ( t )  o p e r a t e s  comple te ly  i n  t h e  f i r s t  q u a d r a n t  
of  t h e  ' g a i n P  c h a r a c t e r i s t i c  and ,  i n  a d d i t i o n ,  i n  a  l i n e a r  
r e g i o n  s f  t h e  r e sponse .  For this ease, modula t ion  s idebands  
w i l l  o ccu r  a t  f r e q u e n c i e s  - +lddc abeu"c:he c a r r i e r  f requency  
and w i l l  r e p r e s e n t  t h e  d e s i r e d  c a l i b r a t i o n  s i g n a l .  
Modulat ion waveform of t h e  f e r r i t e  modula tor ,  
The variable 'gainyn the above figure can be expressed 
analytically in a Fourier series as follows. 
where : 
- 4 a, - - 
T 
2T T = period of y(t) = -
Wc 
The function f(t) can be determined from the figure by 
considering two regions separated by time % . Thus,assuming 
constant slope d m  
and at time t = %, 
The coefficients for the Fourier expansion then become 
5 4 
The f i r s t  t h r e e  c o e f f i c i e n t s  a r e  l i s t e d  below. 
where : 
g(tl = Qs + a, c a s  w e .  + a, ~ o s Z w ~ t  
2 
7- W e  n o t e  i n  p a s s i n g  t h a t ,  i f  < = - 
'2 
t h e n  
9(+) = do - d, Ac ms uC-t. 
which i s  e q u a t i o n  ( 4 )  forming t h e  b a s i s  of t h e  c a l i b r a t i o n  a n a l y s i s .  
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Xn c o n t r a s t ,  if Y =  5 , w e  expect  a  worse c a s e  c o n d i t i o n  w i t h  maxi- 
mum second harmonic of t h e  c a l i b r a t i o n  frequency.  Then 
and 
There fo re ,  f o r  t h e  c a s e  where we have symmetrical o p e r a t i o n  
about  t h e  z (t) = 0 a x i s  of t h e  t r a n s f e r  ga in  response ,  t h e  
c a l i b r a t i o n  s i g n a l  a t  frequency U)& w i l l  be zero.  Operat ion 
of  t h e  f e r r i t e  modulator w i l l  t a k e  p l a c e  somewhere between 
t h e  des ign  o p e r a t i o n  of equa t ion  ( N l - 4 )  and t h e  worse c a s e  
o p e r a t i o n  of  equa t ion  (Nl-5) .  We wish t o  c a l c u l a t e  t h e  
ampli tude of t h e  f i r s t  harmonic al a s  a  f u n c t i o n  of  t h e  
b i a s  l e v e l  which, i n  t u r n ,  determines t h e  r e l a t i v e  l o c a t i o n  
of /t:. The ampli tude dependence of a l  w i l l  t hen  i n d i c a t e  
t h e  e r r o r  i n  t h e  c a l i b r a t i o n  s i g n a l  i n  terms of t h e  opera t ing  
p o i n t  4,. I t  w i l l  be convenient  t o  c a l c u l a t e  t h e  amplitude 
al i n  t e r m s  of t h e  'normalized '  b i a s  p o i n t  g iven i n  equat ion  ( N l - 2 ) .  
Then, 
C l e a r l y ,  t h e  maximum v a l u e  of  b  i s  u n i t y  and o c c u r s  when 
- - d m  Ac ,  o r  when o p e r a t i o n  is s t r i c t l y  i n  
t h e  f i r s t  q u a d r a n t  of  t h e  g a i n  t r a n s f e r  r e sponse .  When 
b = 1; 't! = and e q u a t i o n  ( N l - 4 )  a p p l i e s  w i t h  t h e  2 
ampl i tude  of t h e  f i r s t  harmonic al = 4, 4&,  From e q u a t i o n s  
(Nl-3) and (Nl -6 ) ,  a g e n e r a l  e x p r e s s i o n  f o r  a l  i n  terms of  
b is t h e  fo l lowing .  
and s i m i l a r l y  f o r  a. 
The t a b l e  below shows t h e  v a l u e s  of  a, and a l  a s  a  f u n c t i o n  of  b .  
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W e  may now p l o t  t h e  ampli tude of t h e  c a l i b r a t i o n  s i g n a l  al 
a s  a  func t ion  of  t h e  'normal ized '  f e r r i t e  modulator b i a s  
p o i n t  d o  . This  is shown i n  t h e  f i g u r e  below. 
Normalized b i a s  p o i n t  b  
Re la t i ve  Amplitude of t h e  C a l i b r a t i o n  S igna l  
a s  a  func t ion  of  t h e  normalized b i a s  p o i n t  b. 
d,,= maximum g a i n  of t h e  f e r r i t e  modulator 
d o =  ope ra t i ng  b i a s  p o i n t  
dm= g a i n  t r a n s f e r  response 
W e  now w i s h  t o  r e l a t e  the  e r r o r  i n  t he  c a l i b r a t i o n  s i g n a l  
t o  t h e  e r r o r  i n  t he  s c a t t e r i n g  c o e f f i c i e n t  o O ,  The r e l a t i o n  
between t h e  recorded . ca l ib ra t ion  s i g n a l  E, and o 0  i s  given 
i n  t h e  express ion below. 
s 
u 0  = (o ther  terms) + 20 loglO E, 
where: Es = measured s i g n a l  vol tage 
Er = c a l i b r a t i o n  vol tage 
I f  w e  have an e r r o r  6 i n  t h e  c a l i b r a t i o n  vo l tage ,  then t h e  
e r r o r  i n  t h e  ca l cu l a t i on  f o r  o 0  w i l l  be 
Er+S 
= - a0 log,, - =. - k am A c  20 Lao, -
GY dw he 
where k i s  t h e  c o e f f i c i e n t  of t h e  al term derived above. 
The t a b l e  below shows t h e  va r i a t i on  of A O O  ca l cu l a t ed  a s  a  
func t ion  of t h e  normalized b i a s  point  b. 
The e r r o r  i n  s c a t t e r i n g  c o e f f i c i e n t  A U O  is  p l o t t e d  a s  a 
func t ion  s f  t h e  normalized b i a s  p o i n t  b  i n  t h e  f i g u r e  below. 
Normalized b i a s  p o i n t  b  
S c a t t e r i n g  c o e f f i c i e n t  e r r o r  a s  a  f u n c t i o n  of t h e  
normalized b i a s  p o i n t  of t h e  f e r r i t e  modulator.  
Because of t h e  dramat ic  i n c r e a s e  i n  s c a t t e r i n g  c o e f f i c i e n t  
e r r o r  a s  b  dec reases  i t  i s  concluded from t h i s  a n a l y s i s  t h a t  
opera t ion  of t h e  f e r r i t e  modulator must be c o n s t r a i n e d  by a  
f i x e d  b i a s  t o  a  l i n e a r  region of t h e  f i r s t  quadrant  of t h e  
g a i n  t r a n s f e r  response.  
60 
B. PIN diode  modulator us ing  square-wave modulating s i g n a l .  
The t r a n s f e r  ' g a i n '  of t h e  PIN diode  modulator i s  p l o t t e d  
a s  a f u n c t i o n  of i n p u t  v o l t a g e  v ( t ) F n  t h e  f i g u r e  below, The 
maximum g a i n  ofw a g a i n  occurs  when v ( t )  = 0. Because t h e  
o p e r a t i o n  i s  des igned t o  provide  e i t h e r  maximum o r  minimum 
(assumed h e r e  t o  be  ze ro )  g a i n ,  t h e  b i a s  p o i n t  i s  s e l e c t e d  
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It was shown in Appendix I1 that the Fourier expansion of the 
square wave yields a first harmonic term of 
280 FcEt) = ---- 
w cos sl), t 
We note from the figure above that, as long as the amplitude 
A,/2 of the square wave is of sufficient magnitude, the dynamic 
gain term d,F,(t) of equation (11-1) will assume the form 
1 and with a bias-located at y d w  the total modulating 'gain' 
will be 
as used in equation (11-6) of the analysis in Appendix 11. 
This waveform is sketched in the figure below. 
Suppose t h a t  a  non-ideal  square  wave i s  used a s  t h e  
modulating s i g n a l  f o r  t h e  PIN d iode  i n j e c t i o n  des ign .  I t  
i s  easy  t o  s e e  t h a t  t h e  g r e a t e s t  e r r o r  i n  t h e  c a l i b r a t i o n  
system occurs  when t h e  l ead ing  and t r a i l i n g  edges of t h e  
' s q u a r e  wave' have a  s i n u s o i d a l  shape a t  t h e  fundamental,  
o r  c a l i b r a t e ,  f requency.  For o u r  a n a l y s i s  of t h e  r e l a t i o n s h i p  
between c a l i b r a t i o n  s i g n a l  e r r o r  and t h e  shape of  t h e  
modulat ing waveform, we w i l l  u se  a  cos ine  wave l i m i t e d  i n  
ampli tude a s  shown i n  t h e  f i g u r e  below. 
Expanding t h e  d i s t o r t e d  square  wave a s  a  Four ie r  s e r i e s ,  i t  
i s  a  s t r a i g h t f o r w a r d  e x e r c i s e  t o  c a l c u l a t e  t h e  c o e f f i c i e n t s .  
Then, i n -  summary 
where : 
a, -- 0 
and, f o r  n  even, a., = 0 
f o r  n  odd, 
Again, t h e  only  frequency t e r m  of i n t e r e s t  i s  t h a t  a t  U c .  
I n  o r d e r  t o  compute t h e  e r r o r  i n  t h e  c a l i b r a t i o n  s i g n a l ,  we 
must compare f (t) wi th  F , ( t )  de r ived  i n  Note I above. 
F (t) r e p r e s e n t s  t h e  i d e a l  square  wave. For t h i s  a n a l y s i s ,  
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we w i l l  assume an amplitude A of t h e  s i n u s o i d ,  then  compute 
t h e  e r r o r  i n  c a l i b r a t i o n  s i g n a l  a s  a  f u n c t i o n  of A. We w i l l  
t hen  r e l a t e  t h i s  ampli tude t o  t h e  r ise t i m e  of t h e  d i s t o r t e d  
square  wave. 
Le t  A = 20 Ao/2 = 10 A. 
Then, t o  c a l c u l a t e  % 
and 
PC+> = 2% c c s  w e t  + 0 . 0 0 ~ s  A, coa w e t  T 
The e r r o r  i n  t h e  c a l i b r a t e  s i g n a l  ampli tude i s  then  
The rise t i m e  corresponding t o  t h i s  maximum e r r o r  i s  obta ined 
by r e f e r e n c e  t o  t h e  f i g u r e  sketched below. 
rise time z tr -- 2 
A s  an example, b e t  t h e  c a l i b r a t e  s i g n a l  frequency b e  10 kHz. 
- 4  Then, T = 1 0  seconds and t h e  rise t i m e  tr = 1.6 microseconds 
f o r  a  maximum c a l i b r a t e  s i g n a l  e r r o r  of  0 . 4  %. The above 
a n a l y s i s  can be used t o  p r e d i c t  t h e  e r r o r  i n  t h e  c a l i b r a t e  
s i g n a l  f o r  a  g iven square-wave rise t i m e .  
